The effects of biomass density on activated sludge settling in full scale systems was evaluated. The driving force of sedimentation is the physical weight of the biological solids, but the role of biomass density in sedimentation has been largely ignored. This may be because density has been assumed to be more or less constant, and because convenient methods for its measurement have not been available. A new, simplified method for density measurement was developed and applied to full scale samples. Measurements demonstrated that density varied from system to system, and this variability was correlated with settleability. Non-soluble phosphorus content was a major contributor to density, and plants with enhanced biological phosphorus removal (EBPR) configurations generally had higher densities and better settleability than non-EBPR plants with similar filament contents. These results suggest that future work may benefit from consideration of density as a factor affecting activated sludge settling.
INTRODUCTION
Biological wastewater treatment systems rely on efficient solids separation processes to provide a well-clarified effluent and concentrated recycle and waste streams. Sedimentation in secondary clarifiers remains the most common technology for solids separation in biological treatment systems, but this process is often problematic. Poorly settling solids, such as bulking conditions, can lead to increased effluent solids, increased pumping costs, increased demands on solids treatment processes, and decreased rates of disinfection. For these reasons, considerable effort has been put forth to better understand and remediate the causes of poor settling. It is clear that excessive growth of filamentous bacteria is a primary factor affecting settling rates (reviewed in Jenkins et al., 2003) . In addition, considerable effort has been expended on understanding the effects of many other factors, including solids residence time (Bisogni and Lawrence, 1971, Knocke, 1986) , dissolved oxygen (Parker and Merrill, 1976) , food-tomicroorganism ratio (Ford and Eckenfelder, 1967) , floc size (Knocke, 1986) , pH and temperature (Surucu and Cetin, 1990) .
Little work, however, has been performed on gaining a better understanding of the effects of biomass density on settling rates. Gravitational force is the driver of all sedimentation processes, and this is a linear function of biomass density. The primary forces acting on settling particle are Density has apparently been largely neglected because it has been assumed that it is relatively constant. A limited number of studies have suggested that density can be variable in activated sludge systems, and there is disagreement between values reported in different studies (Table 1) . Dammel and Schroeder, (1991) reported that activated sludge density varied from 1.02 to 1.04 g/mL in activated sludge samples. (These are the values reported using a low osmotic pressure protocol. When osmotic pressure was increased, values as high as 1.06 were measured.) This study utilized direct measurements of density in density gradients formed from Percoll solutions (a commercially available, high density, low osmotic pressure solution of coated silica particles). Indirect measurement methods have yielded a broad range of values (these methods are discussed in more detail below). A microscopy/goniometry method yielded biomass densities in the range 1.015 to 1.034 g/mL in bench scale samples, and increasing density was linked to improved settling (Andreadakis, 1993) . The pycnometer/centrifuging method predicted densities in the range from 1.002 to 1.012 g/mL in full scale activated sludge samples (Zhang et al., 1997) . A free-settling velocity method predicted a broad range of "effective" densities, ranging from approximately 1.0002 to 1.31 g/mL within a single sample (Lee et al., 1996) . Activated sludge buoyant density may vary in part because of variable accumulation of high density microbial storage products in different systems. Important microbial storage products in activated sludge include polyphosphate, glycogen, and polyhydroxyalkanoates such as poly-β-hydroxybutyrate (PHB). These storage products are associated with the enhanced biological phosphorus removal (EBPR) process, and they are all thought to be of greater densities than typical activated sludge biomass (Table 1 ). It was reported that density varied in the range 1.02 to 1.07 g/mL in bench scale sequencing batch reactors with a range of EBPR activities, and that increasing density was correlated with improved settling (Schuler et al., 2001 ). This effect has not been demonstrated in full scale systems.
Another reason that density may have received less attention than other factors affecting settling is that published methods are somewhat inadequate for application in wastewater treatment laboratories, as they can be cumbersome and/or require specialized equipment. Dammel and Schroeder, (1991) applied a standard method for use with Percoll solution based on centrifugation of activated sludge samples in density gradients. One disadvantage of this method is that it relied on high speed centrifugation (48,000 g) to form density gradients prior to sample addition. The broader application of this method is inhibited by a lack of high speed centrifuges in most wastewater treatment facilities and in many research laboratories. The gradients thus formed also require careful handling, as well as calibration using density marker beads. Furthermore, activated sludge typically consists of microorganism flocs with a range of densities, making quantification challenging because the biomass spreads along the density gradient. Schuler et al., (2001) applied isopycnic centrifugation to measure density, where sequential layers of Percoll solutions with decreasing density were manually layered in a centrifuge tube. An activated sludge sample was added to the top of these layers, and it was centrifuged in a conventional centrifuge. This method provided direct measurement of density and required equipment typically available in wastewater laboratories (centrifuge tubes and a conventional centrifuge). However, isopycnic solution preparation is somewhat laborious in that it requires careful layering of sequential Percoll solutions with decreasing densities and careful handling of samples to preserve the density layering.
Several indirect density measurement methods have also been developed. Andreadakis, (1993) developed a method requiring use of an interference microscope, birefringent compensator, goniometer, and sugar refractometer. This procedure also required the assumption of a dry solids density (1.34 g/mL). Another indirect procedure for measuring activated sludge density required separate measurement of dry solids density using a pycnometer and estimation of floc water content by weighing a sample centrifuged onto a glass fiber filter (Zhang et al., 1997 ). An indirect measurement of "effective" floc density was based on measurement of free settling velocities and particle diameters, but since these measurements include floc porosity effects they do not directly indicate the biosolids buoyant density (Li and Ganczarczyk, 1992, Lee et al., 1996) .
The objectives this study were to develop new methods to measure density of activated sludge samples that are simple to apply and do not require specialized equipment, to evaluate whether density is variable in full scale systems and whether this variability influences settleability, and to evaluate whether phosphorus content and process configuration (EBPR) influences density.
METHODOLOGY
Density measurement was by a new method based on centrifugation of activated sludge samples in homogenous density solutions, rather than in density gradients (Dammel and Schroeder, 1991) or isopycnic layers (Schuler et al., 2001 ). This approach was used to measure density distributions within a given sample, from which mean densities could be calculated, and also to measure median (50 th percentile) densities. The density solution preparation, alternative methods to quantify separated biomass fractions after biomass separation in these solutions, and the application of these procedures to measure density distributions, mean densities, and median densities are described below.
Density solutions were prepared in 12 mL glass test tubes by diluting high density Percoll solution (Amersham Life Sciences Inc., Arlington Heights, IL) with secondary effluent and activated sludge samples. The net density of each solution was the volume-weighted average of its components, calculated as:
where ρ n = net (liquid) density, ρ W = water density (1 g/mL), ρ PC = Percoll density (1.13 g/mL), V AS = volume of activated sludge sample, V E = volume of secondary effluent, and V PC = volume of Percoll. The density of the secondary effluent and activated sludge at ambient temperatures was equal to that of water (1.00 g/mL). An example set of density solution recipes is shown in Table 2 . The fractions of biomass greater than and less than the density of each solution were determined by centrifuging and then quantifying the fractions of the biomass separated into the top and bottom halves of the solution. These biomass fractions were quantified by three different methods (listed in order of decreasing time requirements): direct measurement of total suspended solids (TSS), spectrophotometric measurement of absorbance, and visual estimation.
For the TSS and absorbance methods of biomass quantification, samples were mixed by gentle shaking or pumping with pipettor and centrifuged at 3000 rpm (1160 g) for one minute. An exception was samples for which mean densities were calculated (described below), in which case best results were achieved when samples were centrifuged for 30 minutes to separate trace amounts of suspended biomass for the fractions with low solids contents. The TSS and absorbance methods required separation of the top and bottom halves of each test tube through removal using a Pasteur pipette, and placement in a new test tube. One-half of the mixture volume was withdrawn by fitting a Pasteur pipette to a volume-displacement pipettor with short piece of flexible tubing. TSS was measured by filtration on glass fiber filters, drying at 105 o C, and weighing (Standard Methods 2540B, American Public Health Association, 1998). The biomass fractions less than and greater than a given density were calculated as the biomass fractions in the top and bottom halves, respectively, of each density measurement solution.
Biomass quantification by absorbance was faster and more convenient than TSS measurements. After removal of the top and bottom fractions to new test tubes as described above, an equal volume of secondary effluent was added to each fraction, the sample was mixed, and absorbance was quickly measured at 600 nm (DR 2000 spectrophotometer, Hach Company, Loveland, CO). Absorbance at this wavelength was determined to be linearly correlated with TSS in the range studied (absorbance = 0 to 1.0). The absorbances of blank density solutions (Percoll and secondary effluent only) were subtracted from all measurements.
A simpler and more rapid method of quantifying biomass fractions by visual examination was also evaluated, which eliminated the need to remove the top and bottom fractions from the centrifuged density solution test tubes. Density solutions were centrifuged at 1000 RPM for one minute. This lower speed reduced the compaction of the biomass pellet in the lower portion of the tube to facilitate visual comparison with the more diffuse biomass layer in the upper portion of each tube. Alternatively, gravitational settling for 30 to 60 minutes was also adequate to separate the samples for visual estimation of the total biomass in the upper and lower halves of the sample. Density distributions were determined by applying the TSS or absorbance methods described above to density solutions that spanned the range of densities occurring in a given sample. The fractions of biomass in the lower portions of the density solutions series gave the cumulative density distribution, and this information was transformed to a histogram using values mid-way between the densities of the neighboring measurement solutions (e.g., if 50% of the biomass was heavier than 1.020 g/mL, and 20% was heavier than 1.024 g/mL, then 30% was reported as having average density of 1.022 g/mL). Mean densities were calculated from the density distributions using the equation:
Where ρ p,mean = mean biomass density, ρ i = average density of fraction i (average of the upper and lower bounds), F i = mass of fraction i/total sample mass, and n = total number of fractions.
The median density was determined by interpolating between two measurements spanning the 50% density value, and thus did not require determination of the complete density distribution. For example, if 70% of the biomass were heavier than a 1.0300 g/mL solution, and 40% were heavier than a 1.0325 g/mL solution, the calculated median density would be 1.0317 g/mL. Median densities were calculated using TSS, absorbance, and visual methods of biomass quantification.
The small changes in osmotic pressure occurring during the test, due to the addition of Percoll, were checked to determine whether they could effect the cell densities due to hydration or dehydration of the cell cytoplasm. Electrical conductivity (EC) was measured using a conductivity meter (Model Dist3, Hanna Instruments, Woonsocket, RI) as an indicator of osmotic pressure. The conductivity of Percoll was 1000 μS/cm, and the conductivity of the activated sludge sample was typically around 500 μS/cm. The maximum change in conductivity was approximately 250 μS/cm for range densities measured in this study. NaCl was added to increase the conductivity up to a 600 μS/cm differential. There was no observable change in the median sample density, indicating the density was stable in the range of osmotic pressures encountered.
Activated sludge samples were obtained from full scale EBPR and non-EBPR plants in North Carolina. Samples included in this study all had the same filament index (3), which helped to control for filament effects on settleability. The plants selected also had similar solids residence times (SRTs). The North Durham (ND) and South Durham (SD) Water Reclamation Facilities are EBPR systems with 5-stage Bardenpho processes (typical process layouts can be found in Tchobanoglous et al., 2003) Mixed liquor samples were collected at the outflow from the final cell of the biological treatment trains, and secondary effluent was collected from the secondary clarifier outflows. Samples were stored at 4 o C and warmed to 20 o C before analysis. All analyses were completed within 24 hours of sampling. Sludge volume index (SVI, measured by the diluted SVI protocol described in Jenkins et al., 2003) . Total and volatile suspended solids (Method 2540, and phosphorus (Methods 4500 B and C), were as in Standard Methods (American Public Health Association et al., 1998). Filament index was by the method of Jenkins et al. (2003) .
RESULTS AND DISCUSSION

Density distributions and mean values
The density distributions for three different wastewater treatment plants, as determined by absorbance measurements, are show in Figure 2 . Density solution increments of approximately 0.0025 g/mL, as used for the South Durham samples, appeared to be sufficient for determining the basic shape of the distribution curves for the samples studied. The density data appeared to be normally distributed, as shown for the histogram constructed for the North Durham sample in Figure 3 . The mean densities calculated from these distributions are shown in Table 3 . Density range (g/mL) Density distributions determined by absorbance and direct TSS measurements are compared in Figure 4 . The similar profiles produced by the two methods provided some validation of each approach, and the calculated median density was 1.031 g/mL by either method. Given its reduced time requirements, the absorbance method is recommended for use in determining density distributions. 
Comparison of mean and median densities
Median densities were measured as a more rapid alternative to the mean density measurement, which required determination of the density distribution. Median densities were determined by interpolating between two density measurements that spanned the median density value. Only two density solution preparations are required in this case, although more solutions were typically analyzed to find two that bracketed the median value. A summary of the median densities for the three plants and three biomass measurement methods, as well the mean densities calculated from the density distributions above, is shown in There was very good agreement between all measurement methods. Because the median density is more conveniently measured than mean density (which requires measurement of the entire distribution), it is suggested to be a suitable representation of the average biomass density. Within the median density measurements, the visual methods of assessing the biomass separation into the upper and lower halves of each test tube was a reasonably accurate method to estimate the median densities. Based on these results, it is recommended that density be measured by the most rapid approach: measurement of median density with the visual method of biomass quantification.
Median densities and settling characteristics
Samples were obtained from four full scale plants, one of which was operated in both EBPR and non-EBPR modes, in an effort to determine whether density varied in these systems, and whether density was correlated with SVI. Figure 5 presents data that supports both of these hypotheses are true: for the four plants sampled, buoyant density varied from 0.035 to 0.051 g/mL, indicating that the biomass weight varied by a factor of about 1.5. Density was negatively correlated with SVI . The linear regression R 2 value was 0.37, and the t-value indicated this correlation was significant with a confidence level greater than 95%. SVI decreased about 30 mL/g for each 0.01 g/mL increase in density over the range tested. As noted, all samples had filament index values of 3, and so the changes in settleability were unlikely to have been due to filament content variabilty. These results were in remarkably good agreement with previous results from a bench scale, sequencing batch reactor system operated over a range of influent COD/P ratios (Schuler et al., 2001) , which was used to produce biomass with a broad range of EBPR activities, buoyant densities, and SVI values (Figure 6 ). (Schuler et al., 2001 ) with results from full scale plants. The average buoyant density and SVI value is plotted for each plant, with separate data points plotted for the Triangle plant before and after conversion to EBPR.
The non-soluble phosphorus content of the biomass was a primary contributor to variable density ( Figure 7 ). Non-soluble phosphorus includes both the "normal" cell phosphorus included in compounds such as adenosine phosphates and phospholipids (approximately 2% of the cell biomass), and polyphosphate, which can be a major component in EBPR systems. The correlation shown in Figure 7 therefore supports the hypothesis that increasing polyphosphate content tends to increase density in full scale systems, as polyphosphate is of higher density than typical microbial biomass (Table 1 ).
Figure 7.
Relationship between non-soluble phosphorus content of biomass (VSS) and buoyant density. 
